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Abstract  In this study, the 20th Century Reanalysis dataset (20CR) version 2 was compared 
with a modern reanalysis dataset ERA-interim to evaluate its reproducibility over South Asia. 
Because the 20CR uses sea surface temperature (SST) as a lower boundary condition, we 
fairly evaluated the reproducibility for weak and strong SST forcing years. We found that 
the 20CR dataset was not able to reproduce seasonal atmospheric circulations anomalies for 
South Asia, even during El Niño and La Niña years, which exhibit strong external forcing. 
The 20CR exhibited low reproducibility when analyzing South Asia corresponding to El 
Niño-Southern Oscillations (ENSO) years and large-scale synoptic systems. We also 
examined its reproducibility on a synoptic timescale and focused on synoptic phenomena 
such as low-pressure systems and monsoon depressions because they are considered the 
most rain-bearing systems in Central India. These low-pressure systems are also not well 
captured by the 20CR. Compared to modern reanalysis, some problems are observed such 
as the absence of low pressures or disparate location. In addition, we examined atmospheric 
circulation in the 20CR in a major large-scale precipitation event, which was selected from 
the Indian Meteorological Department rainfall observation dataset before 1979. Noteworthy 
results were not obtained for large-scale rainfall systems before 1979 as well. This low 
reproducibility may be common in tropical regions owing to the minimal observational data 
available and because the single meteorological value of sea level pressure cannot effectively 
represent the atmospheric behavior in the tropics. 
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Seasonal changes in atmospheric circulation associated with the movement of the 
intertropical convergence zone bring different seasons over the Asian monsoon regions 
(Sikka and Gadgil 1980; Webster 2006), which affects the livelihoods of people living in 
this. In addition, regional climate change, such as global warming in South Asia (Goswami 
et al. 2006; Roxy et al. 2015; Mukherjee et al. 2018; Takahashi et al. 2020), can pose adverse 
effects on society beyond the boundaries of this region. 
To understand the current regional climate, learning from the past climates, including 
understanding the interannual variability in past and significant weather events, is important. 
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Accurate observational data can provide profound insight into climate variability and 
changes. One way of studying the present atmospheric state is using observational datasets. 
However, observational datasets in South and Southeast Asia are geographically sparse 
(Parker 1994; Thorne et al. 2017), which limits their utility in studying climate changes. 
Reanalysis datasets can function as substitutes for studying these synoptic and planetary 
scale phenomena (Trenberth et al. 2011).  
To analyze past climate variability and changes, a long-term atmospheric reanalysis, 
such as the National Oceanic and Atmospheric Administration  (NOAA) 20th century 
dataset, was developed by the Atmospheric Circulation Reconstructions over the Earth 
(ACRE; Allan et al. 2011) that is available from 1851-2014. This 20th Century Reanalysis 
(20CR) dataset was prepared by assimilating only surface pressure observations to have a 
dynamically consistent global atmosphere, although it cannot reconstruct the past 
atmosphere in some regions. 
Some literature have evaluated it globally and reported that it has some reproducibility 
in synoptic and climate scales over American and European regions (Compo et al. 2006; 
Compo et al. 2011; Poli et al. 2016; Laloyaux et al. 2018). Many researchers have used the 
20CR dataset for various analyses. However, the reproducibility of regional climates in this 
dataset remains unclear. Evaluations regarding the dataset’s reproducibility in the South 
Asian monsoon region are lacking. 
This study evaluated the reproducibility of the anomalous atmospheric circulation in the 
20CR for South Asia, focusing on interannual and synoptic timescales. On the interannual 
timescale, we confirmed the atmospheric circulations in El Niño, La Niña, and non-ENSO 
years. The South Asia summer monsoon is a large-scale phenomenon that brings 
precipitation to most of South Asia. The atmosphere over India is primarily governed by 
South Asian monsoon. The accuracy and reproducibility of this dataset is unknown for large 
rain-bearing systems, such as the southwest monsoon in the study region.  
 
 
2. Data and Methodology 
 
Datasets utilized    
In this study, the NOAA 20th Century Reanalysis dataset, version 2c (Poli et al. 2016; 
Laloyaux et al. 2018) from 1901–2010 was used. The zonal and meridional wind 
components with a 200 km resolution of the 20CR were used to study the seasonal variation 
in the South Asia region. The same wind components from the European Centre for Medium-
Range Weather Forecasts (ERA-interim; Dee et al. 2011) reanalysis dataset for the period 
of 1979–2010 (hereafter, ERA-i) were used to analyze the atmospheric circulation in 
different seasons in the South Asia region. The ERA-i is generally considered an accurate 
estimation over the world, which is assimilated with surface observations (using ships, land 
observations), and upper-air observations (using radiosondes, pilot balloons, aircraft and 
wind profilers), GPS radio occultation for measurements of atmospheric refractions and 
satellite observations. Thus, it is expected to yield high accuracy in the tropical regions 
because it considers important information such as water vapor and winds, including over 
the ocean. 
In addition, the observational dataset of the Indian Meteorological Department (IMD) 
gridded daily rainfall of 25 km resolution (Pai et al. 2014) from 1901-2010 was utilized to 
- 46 -
 
analyze the interannual, seasonal, and synoptic scale variations. Further, the 20CR synoptic 




The 20CR wind components were evaluated by comparison with ERA-i for South Asia 
across four seasons, such as March–May (MAM), June–August (JJA), September–
November (SON), and December–February (DJF). In this paper, we only present the results 
obtained for JJA. The period of 1979–2010 was selected for evaluation because it was 
common in all datasets. The climatology of these 32 years was computed for both the 20CR 
and ERA-i. This climatology was then utilized to determine the anomalies for each dataset.  
    The El Niño-Southern Oscillation (ENSO) is a cyclic climate pattern involving changes 
in the temperature of waters in the central and eastern tropical Pacific Ocean. This change 
in temperatures forms El Niño and La Niña, which are associated with the warming and 
cooling respectively of the ocean surface over the central and tropical Pacific Ocean (Zebiak 
and Cane 1987). To identify these two forms of ENSO, we utilized NOAA Oceanic Niño 
index (ONI) defined as 3 month running mean of sea surface temperatures anomalies in the 
Niño 3.4 region (5ºS–5ºN, 120º–170ºW) based on centered 30-year base period. As per ONI, 
if its value crosses a threshold of +0.5°C and -0.5°C can be identified as El Niño and La 
Niña respectively. Please see the link for more details on the ONI dataset and its timeseries 
(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php) 
Using the IMD observations, we selected four large-scale extreme precipitation events 
over South Asia for synoptic-scale evaluation (Gupta and Takahashi 2021), with areas  
> 90,000 km2. These events were determined over the common period 1979–2010 as well 
as before 1979 in the 20CR to evaluate reproducibility with IMD. 
       
 
 3. Results 
 
Interannual variation     
Four seasons were evaluated with ERA-i and the IMD data over South Asia during 1979–
2010: the pre-monsoon (MAM), summer monsoon (JJA), post-monsoon (SON), and 
winter/dry (DJF) seasons. These seasons exhibit changes in wind patterns (850 hPa level). 
The winds blowing from the ocean to land during the summer monsoon and post-monsoon 
seasons bring rainfall over the South Asian regions. The 20CR well reproduces such seasonal 
changes in the lower atmospheric wind patterns over the South Asia region (not shown). 
However, the monsoon season exhibits notable differences. In this study, we evaluated the 
monsoon season reproducibility at an interannual temporal scale. 
 
Reproducibility of wet and drought years  
To determine the seasonal interannual reproducibility of the 20CR, we considered 
different wet, dry, and normal years based on the IMD dataset.  For this, we considered the 
period of 1979–2010 and calculated the area average of normalized JJA mean rainfall 
anomalies over Central India (Fig. 1). This normalized anomaly time-series was similar to 
that of Parathasarathy et al. (1994). Based on this time-series, we selected the wet years 
(1980, 1990, 1994, 2001) when the normalized anomaly was > 0.10 and dry or drought years 
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(1979, 2002, 2009, 2010) when the normalized anomaly was < 0.10. The rainy summer 
monsoon season (JJA) is focused on the eight selected years. Most rainfall over Central India 
in JJA is associated with the southwest monsoon.  
 
Fig. 1  Summer monsoon season normalized annual precipitation anomalies over the Central India 
region. Blue and red horizontal lines represent the threshold for identifying wet and drought 
years. Blue and red dots show La Niña and El Niño years, respectively. 
 
The general spatial pattern of rainfall anomalies in ERA-i of wet (dry) years shows an 
increase (decrease) in monsoon precipitation over Central India in JJA (Figs. 2 and 3). 
During wet years, anomalous westerlies/south-westerlies with cyclonic anomalies in the 
lower troposphere dominated over India; during dry years, anomalous easterlies with 
anomalous anticyclonic circulation were observed. These anomalous circulation patterns of 
wet years were somewhat reproducible by the 20CR. However, the strength of the 
anomalous westerlies/south-westerlies is weaker, and the locations of anomalous circulation 
are different from those in ERA-i.  
During drought years, rainfall anomalies are negative over almost all of India in JJA. 
The anomalous circulation pattern in ERA-i shows weak anomalous westerlies/south-
westerlies or strong easterlies over India, which supports the IMD precipitation. The same 
type of wind anomalous pattern was observed in the 20CR. In normal years, the anomalous 
circulation pattern shows anomalous westerlies/south-westerlies over the Indian continent 
in both datasets. Therefore, drought and normal years are considered somewhat reproducible 
by the 20CR. 
The 20CR can reproduce the anomalous circulation pattern over India's monsoon core 
region, but the strength of winds are comparatively weaker in the 20CR. Moreover, in some 
cases, the anomalous circulation in the 20CR is not clear in India. This weak representation 
of anomalous circulation in the lower troposphere in the 20CR could be associated with 
monsoon precipitation predictions. Therefore, it is essential to understand the circulation 







Fig. 2  Anomalous summer monsoon season (JJA) precipitation (mm day-1) for wet (a–d), and 




Fig. 3  Anomalous summer monsoon season winds (m sec-1) for wet (a–h), and drought (i–l) years 
in ERA-i and the 20CR datasets. 
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Reproducibility of El Niño-Southern Oscillations variability 
 In general, during non-El Niño conditions, the trade winds blow towards the west across 
the tropical Pacific, and the East Pacific is relatively dry (Philander 1990). During El Niño, 
the trade winds remain in the central and western Pacific, and the west pacific is relatively 
dry. La Niña is generally the strengthening of the normal conditions and brings flood in the 
west pacific. Moreover, El Niño leads to weak monsoon precipitation, and La Niña leads to 
strong monsoon precipitation. These differences in monsoon precipitation occurred due to 
changes in large-scale circulation patterns (Fig. 4). In ERA-i, El Niño years are associated   
 
Fig. 4  Anomalous precipitation (a–b) and wind patterns (c–f) are shown for El Niño (2009; a, c, e) 
and La Niña (2010; b, d, f) years. Precipitation are shown with the IMD observations and 




with anomalous easterlies over the equatorial Indian Ocean and anomalous westerlies in La 
Niña. These anomalous patterns were not well reproduced in the 20CR for both ENSO cases. 
Due to these differences in ENSO-related circulation patterns, the monsoon circulation is 
also not well captured in the 20CR. As a result, the monsoon precipitation could have a 
different spatial distribution over the Indian monsoon region. For example, during El Niño's 
(2009), ERA-i shows a weak southwesterly over the Indian region. However, the 20CR 
shows strong anomalous westerlies. This strong anomalous circulation pattern in the 20CR 
leads to more monsoon precipitation, but this is not reflected in rainfall observation, which 
shows a negative anomaly of monsoon precipitation. Thus, the 20CR does not capture ENSO 
variability or reproduce ENSO years well.  
 
 
4. Synoptic-scale Evaluation 
 
Most summer monsoon precipitation occurs by several mesoscale and synoptic-scale 
events, including monsoon depressions and monsoon lows. These mesoscale and synoptic-
scale events influence the spatial distribution of rainfall. A wet (dry) year may lead to a more 
(less) number of these events. To further understand the reproducibility of anomalous 
synoptic-scale circulation patterns between ERA-i and the 20CR, we considered four large-
scale precipitation events (June 14, 2001; June 25, 2002; July 4, 2006, and August 7, 2007) 
that covered more than 90,000 km2 (Gupta and Takahashi 2021).  
The anomalous circulation pattern (Fig. 5) corresponding to these large precipitation 
events shows strong anomalous cyclonic circulation over eastern Central India in ERA-i. 
Although these anomalous patterns are reproduced in the 20CR, they have different locations 
and weaker strengths than ERA-i. This weak strength of the anomalous circulation patterns 
in the 20CR could be a disadvantage for analyzing the large monsoon precipitation systems. 
 
Reproducibility of 1901–1979 Period 
From the analysis discussed above, it is clear that the 20CR exhibits low reproducibility. 
Although the 20CR reproduces wet years and some synoptic-scale monsoon circulations, its 
strength is weaker than that of ERA-i. The reproducibility of synoptic circulation was limited 
for South Asia. Thus, we can expect similar or less accurate behavior of the 20CR before 
1979, owing to the lack of observational datasets.  
To understand the reproducibility of the 20CR in this period, we considered four cases 
of the same type of large precipitation events (July 10, 1904; June 29, 1925; June 18, 1927, 
and August 3, 1942) as discussed previously. We demonstrated that these large-scale 
precipitation events are associated with the anomalous synoptic cyclonic circulations after 
1979 (Fig. 5). Considering pre-1979 data, we attempted to look for similar large-scale 
synoptic patterns in the 20CR. A precise analysis of these four events' anomalous circulation 
patterns showed no clear synoptic cyclonic circulations at the location (Fig. 6). This indicates 
that the circulation patterns during this period are also questionable over the South Asian 




Fig. 5  Daily precipitation (a, d, g, j; mm day-1) and wind patterns (b, c, e, f, h, i, k, l; m sec-1) for the 
four large-scale precipitation events after 1979. Precipitation is shown with the IMD 
observations (a, d, g, j), and wind patterns are shown with ERA-i (b, e, h, k) and the 20CR (c, 




Fig. 6  Daily precipitation (a, c, e, g; mm day-1) and wind patterns (b, d, f, h; m sec-1) for the four 
large-scale precipitation events before 1979. Precipitation and wind patterns are shown with 





In this investigation, we evaluated the reproducibility of the 20CR by comparison with 
ERA-i over South Asia with a focus on the Indian region. Our results demonstrate that the 
20CR can reproduce seasonal changes in wind patterns in different seasons, similar to ERA-
i. However, some sub-regional differences were observed over South Asia. 
Although the 20CR sometimes reproduces interannual variability in the wet, dry, and 
normal years, its strength and location are weaker or different than those of ERA-i. For the 
ENSO years, the 20CR could not represent the anomalous cyclonic circulations well and had 
low reproducibility for South Asia. Sub-regional investigation of monsoon circulation shows 
low reproducibility in the low-level atmospheric circulation during ENSO years. 
An analysis of synoptic circulation, such as monsoon depressions or monsoon lows 
reproducibility, shows weaker strength and poorer locational accuracy in the 20CR than 
ERA-i during the recent present (1979–2010). Moreover, the reproducibility of 1901–1979 
was questionable for South Asia in the 20CR, with precipitation observations.  
This low reproducibility may be expected over tropical regions because the 
meteorological value of sea level pressure cannot accurately represent atmospheric behavior 
in tropical regions. In addition, the tropical cyclone bogus assimilation in limited regions 
can adversely affect reproducibility in other regions. Therefore, the 20CR can be utilized 
from 1979 onwards with some limitations, but it is not recommended for use prior to1979 in 
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